Mutants of Escherichia coli defective in diglyceride kinase contain 10 to 20 times more sn-1,2-diglyceride than normal cells. This material constitutes about 8% of the total lipid in such strains. We now report that this excess diglyceride is recovered in the particulate fraction, primarily in association with the inner, cytoplasmic membrane. The diglyceride kinase of wild-type cells was recovered in the same inner membrane fractions. The conditions employed for the preparation of the membranes did not appear to cause significant redistribution of lipids and proteins. The biochemical reactions leading to the formation of diglyceride in E. coli are not known. To determine whether diglyceride formation requires concurrent synthesis of the membrane-derived oligosaccharides (H.
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Schulman and E. P. Kennedy, J. Biol. Chem. 252:4250-4255, 1977), we have constructed a double mutant defective in both the kinase (dgk) and phosphoglucose isomerase (pgi). When oligosaccharide synthesis was inhibited in this organism by growing the cells on amino acids as the sole carbon source, the diglyceride was no longer present in large amounts. When glucose was also added to the medium, the pgi mutation was bypassed, oligosaccharide synthesis resumed, and diglyceride again accumulated. These findings suggest that diglyceride may arise during the transfer of the sn-glycero-1-P moiety from phosphatidylglycerol (and possibly cardiolipin) to the oligosaccharides. In wild-type cells the kinase permits the cyclical reutilization of diglyceride molecules for phospholipid biosynthesis.
In Escherichia coli phosphatidic acid is generated either by the two-step acylation of snglycero-3-P or by the phosphorylation of sn-1,2-diglyceride (13, 19, 21, 23, 24, 30, 32) . The acylation reactions represent the major de novo pathway for the biosynthesis of membrane phospholipids (13, 21) , whereas the kinase appears to be a relatively minor route (23) . As shown in previous studies from this laboratory, mutants defective in the kinase accumulate 10 to 20 times more diglyceride than is present in wild-type bacteria (23) . In the best available mutant (RZ60, see Table 1 ), about 8% of the total lipid is diglyceride during exponential growth at 37°C (23) . Although not temperature sensitive, RZ60 fails to divide on media of low osmolarity (23) .
We now report that diglyceride accumulation in the kinase mutants occurs primarily within the cytoplasmic membrane. Like most enzymes of phospholipid synthesis (3, 21, 33) , diglyceride kinase is also tightly associated with the inner membrane fraction. For resolving the inner and outer membranes, we have employed the technique of Osborn and Munson (17) , which affords excellent separations for both RZ60 and an isogenic wild-type strain designated RZ600. As shown below, significant rearrangement of phospholipids and proteins does not occur under these conditions.
The biochemistry of diglyceride formation in E. coli has not been studied previously. Possible sources include a specific phosphatidic acid phosphatase (30) , a phospholipase C (16, 20) , and the enzyme(s) involved in the generation of the membrane-derived oligosaccharides (MDO) (9, 26, 31) . The latter is a family of glucose-VOL. 137, 1979 for instance, when mutants defective in phosphoglucose isomerase (pgi) are grown on amino acids as the carbon source (26) . In the absence of glucose, such mutants cannot make the oligosaccharides, and the turnover of the polyglycerophosphatides is greatly reduced (26) . In (29) . sn-1,2-Diolein and beef heart cardiolipin were obtained from the Sigma Chemical Co., St. Louis, Mo. Bacterial strains. The construction of strains RZ60 (dgk-6) and RZ600 (dgk+) is described elsewhere (see Table 1 ) (23) . Strain RZ600 is wild type with respect to the kinase (dgk) gene, whereas strain RZ60 is defective in the kinase, resulting in the accumulation of substantial amounts of diglyceride in the membrane (23) . Strain RZ76 (Table 1) is defective both in phosphoglucose isomerase (pgi-2) and in diglyceride kinase (dgk-6). The other strains listed in Table 1 (1, 23) . Crude E. coli phosphoglycerides and 1,2-diolein were each included as carrier during these extractions at a level of 0.5 mg/ml of chloroform. Separation of neutral lipids and phospholipids was accomplished by chromatography on silicic acid columns as reported previously (23) .
Enzymatic assays. The activity of NADH oxidase was determined spectrophotometrically (17) . Conditions for the radiochemical detection of diglyceride kinase were those of Schneider and Kennedy (23, 24) . The activity of phospholipase A, an enzyme associated with the outer membrane, was measured by the method of Nishijima et al. (15) , except that Triton X-100 was included at a level of 0.1%, and the specific activity of phosphatidylethanolamine was 4,000 cpm/nmol. The conditions of Fraenkel and Levisohn were used to assay phosphoglucose isomerase (5, 6) .
Separation of inner and outer membranes. Both mutant and wild-type strains grew well on PPBE broth (17) . All methods applicable to wild-type strains were equally effective for mutants lacking the diglyceride kinase, and no modifications of the procedures reported by Osborn and Munson (17) were necessary. Disruption of the lysozyme-and EDTA-treated spheroplasts (17) was achieved by three ultrasonic bursts, each lasting 15 s, with a W185F ultrasonic disrupter (Heat Systems, Inc.) equipped with a no. 419 microtip. Sonic disruption was performed while the sample was immersed in an ice-salt bath (17) . One-minute intervals were allowed for cooling between each sonic oscillation (80 to 100 W of power output). Membrane isolation and sucrose gradient centrifugation were performed as described by Osborn and Munson (17) . Each gradient was divided into about 28 fractions. The overall recoveries of phospholipids and marker enzymes from the gradients were over 90% relative to the material applied to the gradients and varied between 60 and 80% relative to the sonically disrupted, cell-free extracts.
Miscellaneous methods. Protein concentration was determined by the method of Lowry et al. (11) . The radioactivity of membranes and isolated lipid fractions was determined by liquid scintillation counting in 10 ml of Patterson-Green fluid (18) . The composition of the proteins in the isolated membrane fractions was assessed by gel electrophoresis in the presence of sodium dodecyl sulfate (10) . The gels were compared visually after staining with Coomassie brilliant blue G and destaining in acetic acid.
Stable dispersions of E. coli diglyceride and E. coli phospholipids were prepared in 3-ml portions by sonic oscillation of the lipid (5 mg/ml) in a solution containing 0.25 M sucrose, 3.3 mM Tris-hydrochloride (pH 7.8), and 1.0 mM EI)TA by using the W185F disrupter (see above) with the no. 419 microtip at maximal intensity. Four 30-s bursts were employed while the sample was immersed in ice water, and 1-min intervals were allowed for cooling.
RESULTS
Subcellular localization of 1,2-diglyceride in strain RZ60. Three methods of disrupting bacteria were used to assess the subcellular localization of the diglyceride that accumulates in RZ60. These were: (i) sonic oscillation, as described under experimental procedures; (ii) a single passage through a French pressure cell at 10,000 lb/in2; and (iii) osmotic lysis by the method of Osborn and Munson (17) . Cell-free extracts were subsequently analyzed by differential centrifugation, and in all three cases over 95% of the diglyceride was recovered in the particulate fraction sedimenting after 60 min at 100,000 x g.
These results suggest that the neutral lipids found in RZ60 are not sequestered in the cytoplasm as fat droplets, because these would float upon ultracentrifugation. In addition, staining of mutant cells with Sudan black (12) Fig. lB and D, membranes of both RZ60 and RZ600 were separated into two major, phospholipid-containing peaks, corresponding to inner and outer fragments (cf. Fig. IA with B and Fig. 1C with D) . Recovery of phospholipids and marker enzymes was comparable in both strains, ranging between 60 and 80% relative to the cell-free extract. The specific activity of NADH oxidase was somewhat lower in all fractions obtained from the mutant ( Table 2 ).
The distribution of 1,2-diglyceride between the inner and outer membranes differed markedly from that of the total phospholipid. In the wild type (Fig. 1B) more diglyceride was recovered in the outer membrane, although the absolute amount was relatively low and somewhat variable (factor of two) from experiment to experiment. The inner membrane of the wild type contained no more than 0.7% diglyceride. In the mutant (Fig. ID) a striking accumulation of diglyceride occurred primarily in the cytoplasmic membrane, at a level which consistently represented between 12 and 14% of the total chloroform-soluble material. The chromatographic methods for identifying diglyceride have been published previously (23) .
Distribution of diglyceride kinase. The fractions obtained in the experiment shown in Fig. IA were assayed for diglyceride kinase activity. The kinase was recovered primarily with the inner membrane, because the kinase profile (Fig. 2) was very similar to that of the NADH oxidase (Fig. IA) . In addition, the purifications of diglyceride kinase and NADH oxidase were comparable relative to the crude extract ( Table  2 ). Accumulation of diglyceride in RZ60 was most pronounced in the same membrane fractions that contained the highest level of kinase activity in the wild type (cf. Fig. ID with Fig. 2 ).
Phospholipid and protein composition of isolated membranes. The peaks from the gradients of Fig. IA and C were further analyzed for their phospholipid and membrane protein compositions. A slightly higher percentage of phosphatidylethanolamine was present in the outer membrane in both cases, but the mutant and wild type did not differ greatly with regard to their overall phospholipid composition (Table  3) , except for the lower amount of cardiolipin in the mutant, noted previously (23) . The protein composition of the isolated membranes was also nearly identical in RZ60 and RZ600, as judged by a visual comparison of stained polyacrylamide gels (data not shown).
Effect of sonic oscillation on the subcellular distribution of phospholipids and neutral lipids. Several experiments were carried out to exclude the possibility of lipid exchange between inner and outer membrane fragments during cell disruption and further handling. In the experiment of Fig. 3A , 0.3 ml of an inner membrane preparation from RZ60 labeled with [1-'4C]acetate (fraction 16 of Fig. ID ) was added to a standard preparation of non-radioactive spheroplasts (17) of RZ60 just before sonic disruption. The membranes were then prepared and isolated as usual (17) , except that the peaks of inner and outer membrane material were located by their turbidity (Fig. 3A) . When this sucrose gradient was analyzed for its lipid radioactivity, over 90% of the 14C was reisolated with the inner membranes (Fig. 3A) , consistent with the view that phospholipid exchange between membrane fragments was negligible during sonic J. BACTEJRIOL. (17) . A sample (0.8 ml) was layered on a six-step sucrose gradient, the bottom of which contained 55% sucrose and the top of which contained 30%lc, sucrose (17) . The gradients were centrifuged for 14 to 16 h at 36,500 rpm in a Beckman SW 41 Ti sswinging- oscillation. Phospholipid rearrangement was also minimal when 0.3 ml of labeled outer membranes (fraction 5, Fig. 1D ) was included during sonic disruption of unlabeled cells, as shown in Fig. 3B . In both cases (Fig. 3A and B (23, 24) . Tho distribution of the kinase is similar to that oxidase (Fig. IA) , suggesting that the kin maily an inner-membrane protein.
short-term experiments (Table 4) thar prolonged or in "pulse-chase" experim ble 4). The lag in the labeling of the di (Table 4) suggests that this substance Fig. 1 .
Values for isolated nmembranes represent the average of the three peak fractions (Fig. 1) (14) containing glycerol as the carbon source.
TOP
The presence of pgi-2, the unselected marker, was determined by streaking for single colonies yceride ki-on glucose-tetrazolium plates (5, 14) . Mutants g. IA were defective in the isomerase were pink, whereas e observed pgi+ colonies were dark red (5, 6) . The absence of NAH of both the phosphoglucose isomerase and the ase is pri-diglyceride kinase in RZ76 was then confirmed by direct assay of a cell extract (6, 23) . Strain RZ75 is isogenic with RZ76, except that it has i in more the genotype thi+ pgi+ dgk-6. The order of genes Lents (Ta-in the vicinity of the thi, pgi, and dgk loci is iglyceride shown in Fig. 4 . is a relaWhen RZ76 (pgi-2 dgk-6) was grown on M56 J. BACTERIOL. (1), and the total and neutral lipids were determined as previously described (23) medium supplemented with 0.4% Casamino Acids, no MDO were detected by chemical anthrone analysis (27) (<0.02% of the dry weight). For this purpose the total MDO fraction was prepared by gel filtration as described by Schulman and Kennedy (25, 26) . The relative level of diglyceride was also much lower in RZ76, as judged by long-term acetate labeling, being 2.4% instead of the 7 to 9% (Table 5) mutants carrying only the dgk-6 lesion (23) . However, when 0.2% glucose was added to an otherwise identical culture of RZ76, the level of diglyceride rose to 7% (Table 5) , and MDO was again synthesized in normal amounts (0.5 to 1% of the dry weight). The neutral lipid contents of RZ600 (pgi+ dgk+) and of strains RZ60 and RZ75 (both pgi+ dgk-6) growing on 0.4% amino acids were not greatly affected by the addition of glucose to the medium (Table 5) , and these strains were all capable of making the normal amount of MDO in the presence or absence of glucose.
The level of diglyceride determined by acetate labeling is an accurate reflection of the true lipid composition, because essentially the same results shown in Table 5 (Fig. 1) , exogenous diglyceride dispersions added during sonic oscillation of the cells do not associate in significant amounts with the particulate fraction (sedimenting at 150,000 x g after 4 h), and lipid rearrangement between inner and outer membranes does not occur under the conditions employed in the present work (Fig. 3) . These findings support the view that the inner membrane localization of the diglyceride found in the kinase mutants is physiologically significant, although the possibility of artifacts introduced during cell breakage can never be excluded completely in studies of subcellular localization. In this regard, it should be noted that the apparent outer membrane localization of diglyceride in the wild type (Fig. 1) is less convincing, because the low level of diglyceride extracted from the wild type is variable (by about a factor of two) and seems to be somewhat higher (1 to 1.5%) after spheroplast formation than in the intact cells (0.5 to 0.8%).
The association of diglyceride kinase with the inner membrane (Fig. 2) provides further support for the significance of the inner membrane localization of the diglyceride in RZ60. Like de novo phospholipid synthesis itself (3, 21, 33) , diglyceride reutilization appears to occur primarily on the inner membrane. The active site of the kinase is probably oriented inwards, because ATP is available in the cytoplasm.
There are several explanations for the striking association of diglyceride with the inner membrane of RZ60 (Fig. 1) . First, the diglyceride may be more soluble in the lipids of the cytoplasmic membrane than of the outer membrane and may become associated with the inner membrane, after being formed elsewhere in the cell. This mechanism seems improbable, however, because the lipid compositions of the inner and the outer membranes are relatively similar (Table 3) . Alternatively, the factor(s) responsible for the translocation of lipids from their site of synthesis on the inner membrane to the outer membrane may be selective for phospholipids and may not readily accept diglyceride molecules. An in vitro system capable of lipid translocation between inner and outer membrane fragments would be desirable for studying this problem. Whatever the true explanation may be, diglyceride seems to differ from phospholipids, which have equal access to both membranes and can move back and forth under various circumstances (7, 8, 21) . For instance, exogenous phospholipid vesicles fused with deep-rough mutants of Salmonella typhimurium are recovered equally in both membranes and can be metabolized by enzymes present on the inner membrane (7, 8) . Furthermore, minor phospholipids, such as phosphatidylserine and cardiolipin (C. R. H. Raetz, unpublished data), that accumulate in certain mutants defective in phospholipid biosynthesis distribute themselves relatively evenly between both membranes (21).
As indicated above, the reactions which may be responsible for the formation of diglyceride in E. coli include phosphatidic acid phosphatase (30) , phospholipase C (16, 20) , and the enzyme(s) involved in the transfer of the sn-glycero-l-P moiety from polyglycerophosphatides (such as phosphatidylglycerol) to the MDO (9, 26, 31) . The correlation between diglyceride accumulation and MDO synthesis shown in Table 5 strongly suggests that the latter is a major source of diglyceride in wild-type cells. However, other sources may exist, because the diglyceride content of the double mutant does not completely return to wild-type levels (Table 5) , even when MDO synthesis is totally blocked. Furthermore, a small fraction of the MDO contain phosphorylethanolamine residues (9) , and thus some of the diglyceride could arise from phosphatidylethanolamine. In any case, the kinase presumably functions as a salvage enzyme to permit the reutilization of diglyceride molecules. This is important, because most of the ATP required for membrane phospholipid synthesis is ex- coli. Diglyceride molecules may be generated during the transfer of the snglycero-1-P moiety from phosphatidylglycerol to precursors of the MDO. When MDO synthesis is blocked by means of the pgi mutation, the accumulation of diglyceride in the kinase mutants is greatly reduced (see Table 5 ). The letters "n" and "m" designate the number of enzymatic reactions involved in MDO synthesis, which are not known at present. A genetic symbol next to a specific reaction implies the availability ofmutants at that site.
pended during formation of the fatty acid chains. Taken together, these observations imply the existence of the diglyceride cycle shown in Fig.  5 , which presumably occurs in the cytoplasmic membrane. A biochemical system for the generation of MDO and diglyceride will be required to elucidate the details of the reactions involved.
